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ELECTROMIGRATION INJECTION FROM A 
MICRORESERVOIR-ELECTRODE IN 
CAPILLARY SEPARATION SYSTEMS 

RELATIONSHIP TO OTHER PATENT 
APPLICATIONS 

This application is the national stage of International 
application No. PCT/US97/13663, Which claims the bene?t 
of US. provisional patent application Ser. No. 60/023,074, 
?led on Aug. 2, 1996 and entitled ELECTROMIGRATION 
INJECTION FROM A SMALL LOOP IN CAPILLARY 
ELECTROPHORESIS. 

BACKGROUND OF THE INVENTION 

Capillary electrophoresis (“CE”) and associated capillary 
scale technologies provide very important analytic tech 
niques for separation and quantitation of large biomolecules. 
Although such techniques are useful in separating and 
detecting small ions, ion chromatography has been a more 
dominant technique. The more successful ion chromatogra 
phy detection techniques have recently been found to be 
applicable to capillary electrophoresis. One result has been 
so-called suppressed conductometric capillary electrophore 
sis separation systems (“SuCCESS”). SuCCESS technology 
can produce loW pg/L limits of detection for a variety of 
small ions in a robust manner Without special efforts toWards 
pre-concentration. (See US. Pat. Nos. 5,358,612 and 5,433, 
838 to Dasgupta and Bao.) 

HoWever, capillary electrophoresis is most commonly 
carried out using UV-Vis absorptiometric detection, as 
shoWn in FIG. 1. (See for example, “Capillary Electrophore 
sis” by S. F. Y. Li, Elsevier, NY. 1992. As shoWn in FIG. 1, 
a CE analysis system 10 includes a separation capillary 20 
Whose distal tip 30 initially is in ?uid communication With 
a solution 40 containing analyte samples A, and typically 
also containing other substances X. Solution 40 is retained 
in a source vessel 50 and is electrically coupled by an 
electrode 55 by a Wire 57 to a poWer source 60 that is at a 
high voltage (“HV”) potential V1, typically many kilovolts. 
A second or ground electrode 155 is often disposed in a ?nal 
destination vessel 160. As shoWn in FIG. 1, capillary 20 
passes through a UV-visible absorption detector 90 before 
reaching ?nal destination vessel 160. 

Coupling HV poWer supply 60 to capillary 20 as shoWn 
in FIG. 1 results in a left-to-right direction migration of 
analyte AWithin the capillary, as indicated by the rightWard 
pointing arroWs. Such migration can commence Within 
seconds of energiZing poWer supply 60. PoWer supply 60 
may then be turned-off, after Which tip 30 of capillary 20 
may be relocated into a second vessel 70 containing running 
electrolyte 80. PoWer supply 60 is coupled to solution 80 via 
an electrode 55, Which may be identical to (or indeed the 
same as) electrode 55 described in conjunction With vessel 
50. PoWer source 60 may then be re-energiZed, Which 
continues the doWnstream migration of the sample analyte. 
This type of electric ?eld induced analyte injection is termed 
electromigrative or electrokinetic injection (“E1”). 

The distal end of capillary 140 is in ?uid communication 
With electrolyte 150 contained in a terminating electrolyte 
reservoir 150. Preferably electrolyte 150 is the same as 
running electrolyte 80, and in the embodiment shoWn is at 
ground potential. 
As noted, during EI, HV is applied With the background 

electrolyte (BGE)-?lled capillary dipped in a sample vial. In 
a typical situation, electroosmotic and electrophoretic move 
ments act together to introduce the desired class of analyte 
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2 
ion(s) into the capillary. In general, When the electroosmotic 
mobility (lueo) is small relative to the electrophoretic mobil 
ity (um), conditions are most favorable for electromigrative 
preconcentration. Under these conditions a signi?cant 
amount of analyte can be introduced Without the concomi 
tant introduction of a signi?cant liquid volume. EI has been 
Widely used for the trace analysis. This is especially valuable 
With UV-Vis detection because on-column UV-Vis absorp 
tion detectors, e.g., detector 90, typically used in CE provide 
relatively poor concentration detection limits. In the deter 
mination of small ions, Where indirect detection is typically 
used, the situation is even less favorable than With direct 
detection. 

In El, When the sample ionic strength is very loW, best 
results are obtained if a loW mobility ion is deliberately 
added to the sample at a concentration that is high relative 
to the total concentration of the analyte. By “loW mobility” 
What is meant is an ion having mobility loWer than any of the 
analyte ions of interest. In such case, the added ion behaves 
like a terminating electrolyte and electromigrative precon 
centration closely resembles isotachophoresis. In some 
situations, a high mobility ion is the analyte of interest and 
loW mobility ions are already present in abundance, such as 
in the determination of residual sulfate in sulfonate dyes. 
There is no need to add any terminating electrolytes in such 
cases. In cases Where the analyte of interest is present at a 
loW concentration in a sample that has a signi?cant ionic 
strength, it is impractical to add sufficient terminating elec 
trolyte to make the latter the dominant current carrier. 

Unfortunately, even under identical sample analyte con 
centrations and instrumental settings, the amount of an 
analyte introduced into an El system is a strong function of 
sample conductance. This relationship occurs because con 
ductance affects the rate of electroosmotic introduction. Less 
directly conductance also affects the rate of the electro 
phoretic movement through a change in the ?eld strength 
experienced by the sample. Further, E1 is dependent on the 
mobility of the analyte itself, creating a bias in favor of the 
high mobility ions. By “bias” it is meant that the injected 
sample differs from the original sample. The difference 
occurs because there is a relative de?cit of sloWer moving 
ions, and a relative excess of faster moving ions in the 
aliquot injected portion as contrasted to What Was originally 
present in the sample. Although researchers such as Lee and 
Yeung, Anal. Chem. 1992, 64, 1226—1231, have advanced a 
simple approach to improve precision of the results obtained 
in El through monitoring system current, the Lee-Yeung 
technique does little to solve the problem caused by biased 
injection. 

Other attempts have been made in the prior art to address 
the above-noted bias dependency of sample conductivity. 
For example, the use of tWo separate internal standards that 
bracket the entire range of analyte mobilities of interest has 
been suggested, as has been the standard addition of every 
analyte of interest. These approaches are unsatisfactory and 
indeed can be tedious. 

Finally, the prior art has tended to overlook the funda 
mental fact that the E1 of sample ions into a capillary is 
ultimately dependent upon the local electrical ?eld. Any 
changes in the geometry and or the physical distance 
betWeen the HV electrode and the capillary tip can pro 
foundly affect EI. Unfortunately, it has been dif?cult in the 
prior art to reliably produce a truly symmetrical electric 
?eld. 

In the prior art, the total amount of analytes in the sample 
aliquot from Which analyte ions are EI-introduced into the 
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capillary is very large relative to the amount of analytes 
actually introduced. If one could perform EI from a truly 
small sample volume for a long enough period, it Would be 
possible, in principle, to introduce virtually all the analyte 
ions of interest into the capillary in an exhaustive manner. 
The sample volume Would not become deioniZed or become 
non-conductive in the process. DeioniZation or conductivity 
loss Would not occur because electro-generated H+ or OH“, 
and the appropriate counter-ion already present in the 
sample, and those migrating against the EOF into the sample 
from the capillary, Would maintain the sample conductive. 
Indeed, if EI could be carried out long enough, signi?cant 
amounts of H+ or OH“ Would be introduced. Unfortunately 
exhaustive electromigration cannot be effectively practiced 
in the prior art. 

Thus, there is a need for an easily produced 
microreservoir, preferably having a sub-pL liquid capacity, 
that can be used in exhaustive electromigration and electro 
phoresis. Preferably such microreservoir should permit the 
entire sample Within to be readily subjected to a symmetrical 
electric ?eld. Further, the microreservoir should permit the 
entry tip of a separation capillary to be disposed at the 
symmetrical center of the sample. A system incorporating 
these features and methodology Would advantageously 
reduce the effects of conductivity in electromigration injec 
tion capillary electrophoresis. 

The present invention provides such a method and appa 
ratus. 

SUMMARY OF THE INVENTION 

Undesired bias effects are reduced in a separation system 
using electromigration injection (“EI”) by exhaustively 
introducing analyte ions of a desired polarity in the sample 
into the separation capillary using a microreservoir 
electrode. (The separation system may be an electrophoretic 
or sn electrochromatographic system.) AWire loop or hemi 
sphere formed in a metalliZed base de?nes a microreservoir 
of ?nite volume that preferably is symmetrical to reduce the 
time required to achieve exhaustion. The entry tip of the 
separation capillary is preferably disposed at the center of 
the microreservoir, Which advantageously reduces the time 
required to achieve exhaustion. 

Because the microreservoir is an electrical conductor, it is 
coupled to one terminal of the high voltage poWer source 
and constitutes one of the high voltage electrodes in the 
separation system. With high voltage applied, the sample 
under analysis is subjected to an electric ?eld Within the 
microreservoir, and the separation system is used to conduct 
an exhaustive injection of the analyte. Advantageously, 
conducting exhaustive electro-injection in the separation 
system substantially reduces bias effects resulting from 
faster moving ions in the sample entering the capillary 
sooner than sloWer moving ions of the same polarity. 
Exhaustive injection using electromigration results in essen 
tially quantitative sample injection. This injection occurs 
substantially independently of the conductivity of the 
sample, and substantially independently of the ionic mobil 
ity of the various analyte ions of the same polarity. 

Exhaustive electroinjection is preferably carried out as 
folloWs. Using a preferably symmetrical microreservoir 
electrode Whose volume is reproducible and small, e.g., <2 
pL, a small aliquot or portion is taken. The portion may be 
a ?lm that is formed by dipping and WithdraWing a loop 
microreservoir-electrode into and out of a vessel containing 
the sample. Using the microreservoir-electrode as one 
electrode, EI potential is applied for a desired period, e.g., 30 
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seconds to 60 seconds, during Which time all ions of the 
desired polarity present in the sample are essentially quan 
titatively injected into the tip of the separation capillary. At 
?rst the faster moving ions are injected and as these ions are 
depleted, sloWer moving ions are injected into the capillary. 
This result is attained because the reservoir volume is 
relatively small. The result is that bias effects are reduced in 
that the injected sample Will contain a truer representation of 
the more sloWly moving ions, in addition to the faster 
moving ions. 

Other features and advantages of the invention Will appear 
from the folloWing description in Which the preferred 
embodiments have been set forth in detail, in conjunction 
With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 depicts a conventional separation system, accord 
ing to the prior art; 

FIG. 2 depicts an El separation system, according to the 
present invention; 

FIG. 3A depicts a ?rst embodiment of a microreservoir 
electrode using inclined loop geometry and an associated 
support Wire, according to the present invention; 
FIG. 3B depicts a second embodiment of a 

microreservoir-electrode using planar loop geometry in 
Which the capillary longitudinal axis and loop radius are on 
a common plane, according to the present invention; 

FIG. 3C depicts a third embodiment of a microreservoir 
electrode comprising a hemisphere formed in a conductive 
base material, according to the present invention; 

FIG. 4 depicts numerical simulation EI data from an 
Well-mixed ?lm, according to the present invention; 

FIG. 5 depicts numerical simulation of El from a ?lm in 
Which no mixing is present, other conditions being the same 
as for FIG. 4, according to the present invention; 

FIG. 6 depicts spatial distribution of chloride, acetate and 
hydroxide in a ?lm as a function of El period, other 
conditions being the same as for FIG. 5, according to the 
present invention; 

FIG. 7 depicts numerical simulation of El from a ?lm in 
Which the model includes diffusional mixing, other condi 
tions being the same as for FIG. 5, according to the present 
invention; 

FIG. 8 depicts spatial distribution of chloride, acetate and 
hydroxide in a ?lm as a function of El period, in Which 
model includes diffusional mixing, according to the present 
invention; 

FIG. 9 depicts fraction of chloride and acetate injected as 
a function of loop radius and EI period, according to the 
present invention; 

FIGS. 10A and 10B depict, respectively, conventional EI 
and EI from a loop, according to the present invention; 

FIG. 11A depicts EI from a small loop exhibiting an 
extremely large dynamic range With variation of acetate over 
three orders of magnitude at constant nitrate concentration, 
according to the present invention; 

FIG. 11B depicts variation of nitrate over 3 orders of 
magnitude at constant acetate concentration, according to 
the present invention; 

FIG. 12 depicts loop-EI normaliZed data-for chloride to 
acetate peak area ratio as a function of HV and EI period, 
according to the present invention; 

FIG. 13A depicts loop-EI equivalent volume injected as a 
function of El, according to the present invention; 
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FIG. 13B depicts loop-EI bias relative to chloride as a 
function of El, according to the present invention; and 

FIG. 14 depicts hydroxide introduction upon prolonged 
EI from a loop, according to the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 2 shoWs a someWhat modi?ed CE system 10‘ in 
Which a microreservoir-electrode 59 is provided. As Will be 
described herein, a microreservoir-electrode preferably 
de?nes a volume holding capacity of approximately 1 pL or 
less and advantageously serves as an electrode, in lieu of 
electrode 55 in prior art FIG. 1. The microreservoir 
electrode geometry is symmetrical, preferably a loop formed 
from conductive Wire (see FIGS. 3A, 3B) or a hemisphere 
de?ned in a metal or conductive base (see FIG. 3C). 

System 10‘ Was used by applicants as a fully automated 
custom designed CE system that used fused silica capillaries 
20 having 74 pm inner diameter, 360 pm outer diameter, and 
60 cm lengths. Such capillaries are available from Polymi 
cro Technologies, Phoenix, AriZ. The high voltage (“HV”) 
poWer source 60 Was provided by a programmable HV 
poWer supply, model CZE 2000, available from Spellman 
High Voltage, Plainview, NY. A variable Wavelength 
UV-Vis on-column absorbance detector 120 or 130 Was used 
(a LINEAR model 206 PHD available from Thermo Sepa 
ration Systems) in combination With UV-206 data acquisi 
tion softWare (LINEAR) operating on a 80386 class personal 
computer (PC) (not shoWn). Of course other equipment and 
other siZed capillaries might be used. Those skilled in the art 
Will appreciate that system 10‘ may in fact comprise a 
capillary electrochromatography system. In such case, cap 
illary 20 Would be a packed column rather than a holloW 
tube. 
An automated system that precisely controls WithdraWal 

of the capillary sampling head from the sample is especially 
important in practicing the present invention. It is desired to 
WithdraW a reproducible amount of liquid from vessel 50 as 
a ?lm on a Wire loop, such as microreservoir-electrode loop 
59 shoWn in FIGS. 3A and 3B. AsloW rate of WithdraWal is 
needed to ensure a reproducible amount of liquid retained in 
the ?lm. In applicants’ experiments, system automation Was 
accomplished by using a modi?ed fraction collector (model 
2110, BIO-RAD, Richmond, Calif.) as an autosampler. A 
number of pneumatic linear actuators, governed by electri 
cally operated air solenoid valves, served to provide hori 
Zontal and vertical motion to the capillary head. System 
operation Was controlled by a programmable microcontrol 
ler (a Micro Master LS unit available from Minarik Electric, 
Los Angeles, Calif.). It is understood that other control 
systems may instead be employed. Collectively, these com 
ponents and sub-systems are shoWn generically in FIG. 2 as 
200. Physical movement of microreservoir-electrode 59 is 
not shoWn to avoid cluttering FIG. 2. 

Applicants’ publication in Anal. Chem. 1996, 68, 
1164—1168 disclosed general techniques to form Wire loops 
at the tip of a capillary. By contrast, the loops used in the 
embodiments of the present invention shoWn in FIG. 3A and 
3B are substantially larger and are therefore fairly simple to 
fabricate. Brie?y, 5/64 inch to Vs inch diameter loops Were 
initially made by Wrapping 135 pm diameter stainless steel 
Wire around suitably siZed drill bits and Were held With one 
or tWo tWists. 

The Wire loop embodiment microreservoir-electrodes 
(abbreviated “loop”) Were used in tWo different geometries, 
shoWn in FIGS. 3A and 3B. In FIG. 3A, the plane of loop 59 
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6 
is inclined at an angle 4) of 45° to 90° relative to the 
longitudinal axis of the separation capillary 20. A vertical 
support Wire 64, parallel to capillary 20, holds loop 59 in 
position. Note that the loop is symmetrical, and that the 
center of tip 30 is disposed symmetrically at the center of the 
loop. The support Wire and the capillary Were retained a feW 
cm above the loWer capillary tip 30 by a small Plexiglas jig, 
depicted as 66. A conductive Wire 57 couples the Wire loop 
to the HV poWer supply 50, such that loop 59 forms one 
electrode in the separation system 10‘. An advantage of using 
a loop microreservoir-electrode is that a very symmetrical 
electric ?eld is produced across the electrode. In the embodi 
ment of FIG. 3A, upon WithdraWal from a liquid, the amount 
of liquid held in the loop decreases as the loop plane angle 
becomes more vertical. 

In the embodiment of FIG. 3B, loop 59 is formed around 
the capillary tip 30, the capillary axis noW being parallel to 
the plane of the loop. The terminal Wire 68 is Wrapped 
around the tip of the capillary and is af?xed thereto by epoxy 
adhesive. 

In the embodiments of FIGS. 3A and 3B, high voltage 
connections Were made to the protruding Wire (or support 
Wire) 64 or to a Wire 57 coupled to the loop. As noted, the 
result is that loop 59 serves as a HV electrode, in lieu of 
electrode 55 in FIG. 1. Because the present experiments 
Were limited to reversed polarity (—HV), stainless steel 
material Was adequate to fabricate loop electrodes 59. 

As noted, it is desired that microreservoir-electrode 59 
retain a ?nite amount of liquid, e.g., <1 pL, and provide a 
uniform electric ?eld across the microreservoir When used in 
system 10‘. A symmetrical loop such as shoWn in FIGS. 3A 
and 3B meet these goals. In the embodiment of FIG. 3C, 
microreservoir-electrode 59 comprises a base of electrically 
conductive material, e.g., metal, having a surface in Which 
a hemisphere depression 68 is formed. Although the base is 
shoWn as square, for ease of illustration, a circular base 
could instead be used, and Would further contribute to 
symmetry. The hemisphere depression is siZed to retain a 
desired amount of liquid, e.g., <1 pL, thus serving as a 
microreservoir of ?nite volume capacity. For retaining a 
?xed volume, such a reservoir may also be made to be 
self-siphoning. Because the microreservoir is made of an 
electrically conductive material, Wire 57 may be connected 
to the base of microreservoir-electrode 59, permitting it to 
also function as an electrode. Again, the tip 30 of capillary 
20 is disposed symmetrically at the center of the microres 
ervoir hemisphere 68. The overall result is that a sample 
retained in hemisphere 68 is subjected to a symmetrical 
electric ?eld. 

With respect to reagents used With system 10‘, all solu 
tions Were prepared in distilled deioniZed Water (e.g., Barn 
stead Nanopure) having speci?c resistance greater than 16 
MQ-cm. Sodium chromate (5 mM) Was made fresh daily 
from a 50 mM stock prepared from Na2CrO4.4H2O, A. R. 
Grade, Mallinckrodt, adjusted to pH 8.0 With 0.1 M H2SO4. 
Cetyltrimethylammonium hydroxide (CTAOH) Was pre 
pared by ion exchanging a cetyltrimethylammonium chlo 
ride solution through an OH_-form 200—400 mesh DoWex 
1><8 anion exchange column, and used from a 20 mM stock. 
CTAOH Was used as the electroosmotic ?oW (“EOF”) 
modi?er (to achieve How to the ground electrode With —HV 
applied) and Was added to the chromate electrolyte to attain 
a ?nal concentration of 0.5 mM. 

In operating system 10‘, capillary 20 Was ?rst ?lled With 
the BGE and then tip 30 Was loWered into and WithdraWn 
from one sample vial for Washing loop 59. The capillary then 
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entered a second identical sample vial and Was slowly 
WithdraWn to form a sample ?lm on the loop. The capillary 
Was next moved horizontally and loWered into a position at 
a level equal to the liquid level on the destination side, e.g., 
vessel 160 in FIG. 2. In this position, the region around the 
loop is cylindrically enclosed and a small How of N2 
(z20—25 cm3/min) serves to prevent excessive intrusion of 
CO2. Electromigration voltage (—3 kV, except as stated) Was 
then applied from HV source 60. As noted, microreservoir 
59 served as one electrode in system 10‘, the other electrode 
being coupled to electrode 155 (or to some other location in 
system 10‘). 

After a desired EI time period, the capillary is put into a 
?rst BGE vial for Washing and is then loWered into a second, 
fresh, BGE vial for operation. An operating voltage of —18 
kV Was used for electrophoresis. Essentially the same pro 
cedure Was used in an analogous manner When EI Was 
carried out from a conventional sample vial. The determi 
nation of anions Was studied and except as described, the 
sample constituted a mixture of chloride (200 pig/L), nitrate 
(400 pig/L), formate (400 pig/L) and acetate (400 pig/L), all as 
sodium salts. 

Consider noW the underlying principles at Work When 
practicing the present invention. In El, the quantity Q- of 
species i introduced during time t into a capillary of length 
L and inner radius rC, across Which a voltage V is applied is 
given by: 

Qi=(lli+llEu)7'3[c2VCil/L (1) 

where M and p60 are respectively electrophoretic and elec 
troosmotic mobilities and Ci is the concentration of species 
i. This analysis assumes that the ?eld E at the tip of the 
capillary is the same as the ?eld inside the capillary and is 
therefore given by V/L. The ?ux occurs through the capillary 
inlet cross section. The bulk reservoir of analyte i is so large 
that C‘ is essentially unchanged during the duration of El. 
Thus, as long as the rate of migration of the analyte ion 
Within the capillary does not in?uence the rate of analyte 
introduction at the capillary tip, a more general formulation 
of equation (1) Will be: 

M i=dQi/ dt=(Erui+ueo)aci (2) 

Where Mi is the mass transport rate (eq/s) of ion i through 
any area a around the capillary tip toWards the capillary 
Where the concentration of species i is Ci. 

In practice, the ?eld E inside and outside the capillary is 
unlikely to be the same. Nevertheless, the electroosmotically 
introduced component of El is governed by the EOF gen 
erated in the capillary. Therefore, the EOF governed com 
ponent of El is better speci?ed directly, in terms of the bulk 
?oW velocity page generated in the capillary. Obviously, if #60 
is very small relative to El“, equation (2) simpli?es to: 

M,-=E;t,-ac, (3) 

Consider noW the ?eld geometry at the capillary tip, and ?lm 
resistivity. As a representative simpli?ed case, consider that 
the sample constitutes a thin circular disk of radius rom and 
thickness h, and that capillary tip is placed at the center of 
the disk. As long as h is small relative to row, one may 
assume that diffusive transport in the vertical direction is not 
a limiting process. 

The perimeter area of the disk, 2J'cr0mh, constitutes one 
electrode. Note that even if the ?lm/disk Were thicker than 
the diameter of the Wire constituting the loop, the electrode 
area Would still be correctly approximated by the entire 
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perimeter area for a thin disk. The capillary cross section, 
rcrcz, represents the second, virtual, electrode. In most cases, 
rC is very small compared to rout. Thus, instead of a planar 
geometry, one may approximate the central electrode as 
having a cylindrical geometry of radius re With an area equal 
to the capillary cross section. Whence, 

Thus, the result is an annular electrode system, initially 
having a medium of homogeneous resistivity p ?lling the 
annulus, Where: 

in which X]- is the equivalent conductance (in S cm2 eq_1) of 
ion j, and in Which C]- is its concentration in equivalents/cm3. 
This yields resistivity p in Q-cm. Ions j not only include the 
analyte anions of interest (ions i, e.g., chloride), but also 
include an equal concentration of counter-ion (e.g., sodium) 
that is present in the medium for maintaining electro 
neutrality. 

In this analysis, applicants have assumed that the rate 
limiting process of interest is the migration of ions i into the 
capillary. As such, the reverse migration of the counter-ion 
from the capillary (Where it is present in very large concen 
tration relative to concentration of the analyte ions in the 
?lm) is not the limiting step. It should also be noted that EI 
is accompanied by the electrolytic production of OH“ at the 
loop electrode that is maintained at a negative potential. Not 
only resistivity p in the loop ?lm is affected by an increasing 
NaOH content, but OH- is also thence introduced along With 
the sample ions, the relative amount increasing With increas 
ing EI period. 

Consider the effects of electrical resistance of the loop. If 
the inner electrode has a radius r and a thickness h, and if the 
second electrode is situated an in?nitesimal distance dr 
aWay, the inter-electrode resistance dR is given by: 

Thus, applying the above to the embodiments of interest in 
Which there is a loop of outer radius rout and inner radius rC, 
the resistance of the loop, RIOOP is given by: 

Mass transfer into the capillary Will noW be described. In 
equation (3), the ?eld E may be expressed as: 

Current I ?oWing through the system is a function of total 
applied voltage V and the sum of the electrical resistance of 
the capillary (Reap) and the resistance of the loop (R 
The current relationship is as folloWs: 

During EI, total applied voltage remains constant during EI, 
and, in most practical applications, electrical resistance of 
the capillary (Rcap) is essentially invariant and is much 
greater than RIOOP. current I remains essentially constant. 
Whence equation (9) becomes: 

6..) 11 

E=IdR/dr (11) 

At the tip of the capillary, area a from equation (3), through 
Which area the mass transfer occurs, is the surface area of the 
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inner cylindrical electrode, and is also equal to the capillary 
cross section. Area a may be Written as: 

A=2nreh (12) 

Setting r=rC at the capillary tip, equation (6) then yields: 

Combining equations 3, 11, 12, and 13 yields the simple 
result that: 

M i=I pruici (1 4) 

Asample ?lm is the present invention is Well mixed spatially 
and is homogeneous. Assume that the entire ?lm is Well 
mixed at all times. For all the anions other than hydroxide, 

Where Vf is the volume of the loop ?lm, given by rcrzomh. 
OH- is also produced in the ?lm at the rate of UP eq/s, 

Where F is Faraday’s constant. It then folloWs that: 

Expanding equation (5) indicates that: 

Equations 15, 16, and 17 constitute a set of coupled second 
order differential equations for Which no general solutions 
exist. HoWever, the system of equations may readily be 
solved numerically. 

Except as stated otherWise, the folloWing system charac 
teristics Were and are assumed: loop radius 1 mm, sample 
volume 1 pL, sample composition C1 (200 pig/L), NO; (400 
pig/L), HCOO‘ (400 pig/L), CH3COO_ (400 pig/L), EI volt 
age —3 kV, capillary inner diameter 75 pm, BGE 5 mM 
Na2CrO4. For a capillary length of 60 cm, computed Rcap is 
1.008 G9, which is in close agreement With an observed 
current of —3 MA. 

Computations Were carried out With code Written in 
TURBO BASIC (produced by Borland International) on a 
Pentium processor based PC operating at 133 MHZ. Con 
vergence of the solutions Was checked by decreasing the 
time interval of iteration steps. Typically no signi?cant 
changes Were observed beloW an iteration step of 100 us. All 
of the data described herein Were based on such temporal 
iteration step. 

It should be noted that the computing time for the above 
Well mixed ?lm case Was not particularly demanding. But, 
in a more realistic environment Where ?lm composition 
changes radially during EI (described herein), simulating 30 
s of El With a 50 us iteration step requires a computing time 
of over 14 h. 

Understandably a 14 h computational time probably rep 
resents the acceptable upper time limit for PC-based com 
putations. 

Applicants’ analysis Was according to the folloWing algo 
rithm steps: 

1. From the initial sample composition, compute initial 
value of p (equation 17), R (equation 8), and I 
(equation 10); 

2. Calculate the mass (cumulative mass) of analyte ions 
and OH- injected Within the chosen iteration time 
interval (equation 14); 

3. Calculate change in composition of the sample ?lm, 
both in regard to analyte ions and NaOH (equations 15 
and 16), and hence for the neW composition; 

loop 
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4. Using the neW composition, perform the same calcu 

lations as in step 1, above; 
5. Cycle through steps 2, 3, and 4 until the total desired 

EI period has been simulated. 
FIG. 4 shoWs the results of such a numerical simulation 

of El for a Well-mixed ?lm. With increasing EI time, the 
total amount of each analyte injected approximately expo 
nentially reaches respective limiting plateau values. 
HoWever, With increasing EI time, the amount of OH“ 
injected (shoWn With asterisks) increases linearly. Although 
none of the analytes is quantitatively injected under such 
condition, at the end of the El period, fast moving chloride 
and nitrate are nearly completely injected, 96% and 95%, 
respectively. HoWever, acetate, the sloWest of the four 
analytes, is injected to an extent of about 81%. The relative 
bias of chloride vs. acetate is 1.183, e.g., the extent to Which 
the ratio of the injected amounts of chloride to acetate is 
greater than the ratio of the respective ions originally in the 
sample. 
By contrast, When one computes the same relative bias for 

conventional EI from a sample vial from equation (1), the 
value obtained is the ratio of the tWo mobilities, 1.866. 
Indeed, applicants experimentally observed this as Well, 
although data are not shoWn. Thus, a very signi?cant reduc 
tion of bias can be expected if E1 is carried out from a ?nite, 
limited volume, according to the present invention. 

Spatial concentration gradients occur during EI. While the 
methodology outlined above is instructive, it is someWhat 
over simplifying. In reality, the loop siZe is ?nite. Further, 
the relatively rapid movement at different rates of ions 
toWards the capillary entrance tend to ensure that not only 
the temporal composition but also the spatial composition of 
the ?lm Will not be constant during the El process. 

During EI, ions are depleted near the capillary entrance 
and must be replenished. On the other hand, in the simple 
model, While OH“ is actually produced in substantial quan 
tity near the outer periphery of the ?lm, it is assumed to be 
instantaneously mixed throughout the ?lm, thus loWering 
calculated ?lm resistance. Consequently the ?eld across the 
loop and the rate of E1 is also loWered, relative to What might 
otherWise be expected. While several levels of sophistica 
tion may be included in a model to account for these 
occurrences, numerical solutions are resorted to When equa 
tions pertaining to the basic model cannot be solved ana 
lytically. 
The basic approach taken by applicants assumes that the 

?lm is radially divided into a number of thin segments that 
are individually of uniform composition. The innermost 
Zone has a radius of RINZONE. The rest of the loop is 
divided outWard in segments of thickness Ar, until row is 
reached. Except as stated,-simulations herein assume RIN 
ZONE to be 50 pm, Which is slightly larger than the capillary 
inner radius of 37.5 pm. Avalue AR=10 pm is used through 
out herein. For r0m=0.1 cm, there are n=96 separate Zones. 
These n Zones may be designated in terms of their radii in 

cm, r1, r2, . . . r95, r96, Where r1=RINZONE, r2=r1+0.001, 

rk=r1+(k—1)~0.001, r96=r0m, With rO designated as 0. Adopt 
ing this nomenclature, the volume Vk of each Zone or shell 
is given by: 

Vk=n(rk2_rk412)h (18) 
The electrical resistance Rk of each shell is given in a 
manner analogous to equation (7), namely: 

With the provision that in this case rO is not Zero but is the 
radius of the hypothetical cylindrical central electrode, rC. 
Rloop is then calculated from equation (20) as: 














